Abstract
Introduction
Electrodeposited nickel is widely used in many applications. A typical application of plated nickel is in corrosion protection, particularly in conjunction with chromium plating. The reclassification of nickel and its salts to a more toxic chemical status has led the electroplating industry to research in order to find a replacement for the nickel layer [1] . In this study, corrosion rate and resistance of 228 the chromium plated copper tin alloy has been evaluated as an alternative to the chromium plated nickel. The colour and surface imaging of copper tin alloy with chromium deposits compared to the nickel deposit have already been studied by Hingley and Oduoza [1] .
The EU risk assessment committee was set up in 1966 to investigate nickel and its compounds with regard to its effect on human health and environmental impact. Danish Environmental Protection Agency (D-EPA) as a Rapporteur was delegated to evaluate nickel and soluble nickel compounds (nickel sulphate, nickel chloride, nickel carbonate, nickel nitrate). In February 2007, there was a reclassification of the five nickel substances as category 1human carcinogens by inhalation (carcinogenic to man) and category 2 reproductive toxicants (may cause harm to the unborn child) and chronic toxicant. Nickel metal has been classified as category 3carcinogen (limited evidence of a carcinogenic effect) and chronic toxicity [1] .
The aim of this study is to test the corrosion resistance of the copper tin alloy that could replace nickel compounds reclassified as suspected carcinogens.
Corrosion resistance of a deposit is important to manufacturers and consumers since it determines the level of corrosion protection and life of the product. Since an evaluation of a material corroding in real time can be very time consuming, electrochemical techniques can be used to accelerate the corrosion process and collate data rapidly. The principle behind this mode of testing is to apply the potential (voltage) across an electrochemical cell to cause current to flow in order to mimic the rate of electrochemical reaction taking place at electrodes. The electrode reaction is transfer of electrons from the electrode material to form ions (the corrosion process), triggered by the applied potential resulting in the flow of an electric current [2, 3] .
Other corrosion tests used within the electroplating industry for measuring corrosion rates include Neutral Salt Spray (NSS) and Copper Accelerated Acetic Acid Salt Spray (CASS) methods [4] . Specifications used throughout this study make an important part of the electroplating industry and allow an accurate comparison of deposits used [4] [5] [6] . CASS is a methodology used to enhance corrosion rate/resistance of a material in order to monitor the resilience of the material to corrosion.
Experimental

Procedure for preparation of sample for electrodeposition
Brass panels (size 10 × 7.5 × 0.05 cm) of 70:30 copper to zinc ratio were used as the substrate for all experiments carried out in this study. Figure 1 shows the sequence for electrodeposition of nickel and chromium on brass panels. Nickel was plated to a thickness of 20 μm followed by 0.3 μm of chromium, if required. The formulations and electroplating conditions for nickel and chromium depositions have been reported previously [7] .
The electroplating sequence for deposition of white Cu-Sn alloy is outlined in Figure 2 . After pretreatment, copper was electrodeposited to a thickness of 20 μm, followed by deposition of white Cu-Sn alloy at thicknesses of either 0.5 μm or 2 μm and then chromium to a thickness of 0.3 μm, if applicable. All operating conditions for deposition of copper and white Cu-Sn alloy were described previously [7] . White Cu-Sn alloy deposit is not normally plated above a specific thickness due to a possible change in appearance from a silvery bright to dull grey colour.
The sequence for electrodeposition of yellow Cu-Sn alloy is identical to those of white Cu-Sn alloy, followed by deposition of varying thicknesses of yellow Cu-Sn alloy, topped up with 0.5 μm of white Cu-Sn alloy, if applicable and finally 0.3 μm of chromium deposited, if specified. The formulation and operating parameters for the yellow Cu-Sn alloy were described by Hingley [7] . Details of the appearance, testing and deposits structure analysis for the panels have been reported elsewhere [1] . The corrosion resistance of each deposit was assessed electrochemically by linear polarisation [3, [8] [9] [10] [11] [12] [13] , electrochemical impedance spectroscopy experiments and also by accelerated salt spray testing using copper accelerated acetic acid salt spray. All electroplated panels were analysed thrice on the same panel for corrosion resistance, appearance and deposit structure. The Nyquist and Bode plots for the electrochemical impedance study were taken from one set of results to characterise the selected deposits. 
Testing of plated panels for corrosion rate and resistance
Evaluation of the deposits was also carried out by visual examination and guided by the specification ASTM B 537-70 [14] . It is determined by the percentage of corrosion that covers both 
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the deposit and substrate. The corrosion rating is given in two values X/Y, with 'X' referring to the coverage and appearance of the substrate corrosion (known as the protection rating) and 'Y' referring to the coverage and appearance of the coating itself and is known as the appearance rating. All ratings are given as a value of 110 with 10 being the best (no corrosion) and 1 being the worst (corrosion seen all over the specimen).
Instrumentation for linear polarisation and electrochemical impedance spectroscopy
Potentiostat, EG+G Instruments, Model 263A, was used to determine the corrosion current density (i corr ). These experiments were carried out in 5 % neutral sodium chloride solution using an Ag/AgCl reference electrode over a potential range of +/-20 mV versus open circuit potential. The equilibrium time for which 1 cm 2 surface of panel was in contact with the NaCl varied from 30 to 60 minutes. Figure 3 shows the corrosion cell used for the linear polarisation and electrochemical impedance spectroscopy testing [6] . The working electrode is the electroplated brass panel of 1 cm 2 area immersed in 5 % neutral NaCl solution, the auxiliary electrode is platinum mesh, while the reference electrode is Ag/AgCl. 
Electrochemical impedance spectroscopy
This study was carried out with a Solartron 1252A Frequency Response Analyser (FRA) with Princeton Applied Research Potentiostat/Galvanostat, Model 263A, and ZPlot software. Experiments were carried out using the test panel in 5 % neutral NaCl solution, with equilibrium time prior measurements varied from 30 to 60 minutes. All electrochemical impedance experiments were carried out at the open circuit potential (OCP), with signal amplitude of 15 mV, within a frequency range of 10 6 to 10 -1 Hz, and 10 points measured frequency decade. Figure 4 shows a simple electrical equivalent circuit with one-time constant that has usually been used for measured impedance data fittings and determination of all components, i.e. corrosion resistance (R corr ), solution resistance (R s ) and double-layer capacitance (CEDL) of a corrosive electrode. [2] Copper accelerated acetic acid salt spray test CASS testing was carried out in salt solution comprising sodium chloride 45-55 g/l, copper chloride 0.25 g/l and made up to 1 litre. The pH was adjusted with glacial acetic acid. Air pressure was 0.08-0.12 MPa and humidifier temperature was 60-65 °C. The chamber temperature was maintained within the range of 48-51 °C. The sample collection rate was 1.0-2.0 ml/hour [15] . Experiments were carried out in a fog chamber with a provision for heating, salt reservoir, supply of compressed air, at least one atomising nozzle, specimen support, and means of control. All equipment was corrosion resistant to the fog [6, 14] .
The test specimen was thoroughly cleaned to avoid any side influence on the corrosion resistance of the deposit. To clean the sample, 10 grams of magnesium oxide powder in 100 ml of distilled water was used to wipe over the sample's surface with cotton wool and rinsed with warm water before drying. In order to avoid localised corrosion on the non-protected areas, any cut edge or jig point was masked with either pressure sensitive tape, or stopping off by lacquer or wax [14] . Positioning of test specimen to expose the test area was carried out at a 15 o parallel to the principal direction of horizontal flow of fog through the chamber, based on the dominant surface under test. Test specimens were not allowed to touch each other or with any other metal to avoid contamination [14] . Each chamber, containing at least two fog collectors was used to evaluate the collection rate and also to analyse the salt concentration and pH [14] .
The standard test method used for CASS testing was ASTM B 368-97 [15] using Liebisch, model 33649 corrosion cabinet. This method was used to evaluate performance of the decorative process for copper/nickel/chromium, or nickel/chromium plating on substrates. CASS was used throughout for corrosion testing and appears to be the preferred method in the electroplating industry compared to NSS which is relatively slow to corrode the nickel/chromium deposits.
Atomic force microscopy (AFM) surface imaging technique was used to evaluate the surface properties of the plated samples at the nanometer scale. The technique produced a three-dimensional image that was used to characterise roughness, depth, and particle size of the surface [1] .
Results and discussion
Electrochemical corrosion rate and resistance results
Linear polarisation data was used to calculate corrosion current values, which were used to estimate corrosion rate of each electroplated deposit. Polarization resistance (R P ) is defined as the slope of the potential (E) vs. current density (j) plot measured close to the corrosion potential according to equation (1):
In equation (1), R P is polarisation (corrosion) resistance in  cm 2 , ΔE is change in potential in V and Δj is change in current density in A/cm 2 .
Rs Rcorr
CEDL
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There are lot of papers in the literature reporting application of the linear polarisation technique, including that of Kouril et al. [16] who calculated the polarisation (corrosion) resistance of corroding reinforcements used in concrete. For a practical determination on how fast the deposit corrodes and to estimate how long the service life will be, equation (2) , demonstrating the mathematical relationship between j corr and R p , is used [2] :
In equation (2) j corr is corrosion current density in A/cm 2 , R p is corrosion resistance in  cm 2 ,  a is anodic Tafel slope, while  c is cathodic Tafel slope, referred to as the Tafel constant. Calculation of the corrosion rate was carried out according to Weast [17] using equation (3) showing how the corrosion current can be converted to a corrosion rate in millimetres per year (MPY) [2] :
Corrosion rate, mm year
In equation (3), j corr is corrosion current density in A/cm 2 ,  is a combination of several conversion terms equal to 1.2866×10
), while ε is equivalent weight of the metal (molecular weight of the metal divided by the number of electrons in the anodic half reaction) in g/equivalent. Table 1 shows the results of the linear polarisation experiments highlighting data for polarisation resistance, corrosion current and an estimate of corrosion rate for the electroplated panels. The polarisation resistance measures resistance to corrosion in k cm 2 while average corrosion current quantifies the current associated with corrosion of the deposit expressed in nA/cm 2 . Corrosion rate describes the rate of corrosion measured in mm/year. For nickel deposit, corrosion rate is 0.20 mm per year, but with chromium as topcoat, the corrosion rate decreased to 0.03 mm per year. This shows clearly that chromium deposit can significantly reduce the corrosion rate, providing an additional protection to nickel deposit.
Data in Table 1 calculated on the basis of linear polarisation graphs presented in Figure 5 show that polarization (corrosion) resistance increases with coating thickness for white Cu-Sn alloy, however, when top is plated with chromium the resistance to corrosion levels off (compare 0.5 µm white Cu-Sn alloy with 2.0 µm white Cu-Sn alloy both plated with chromium). Comparing copper tin alloy with nickel samples, it appears that 20 µm of nickel plated with chromium is more corrosion resistant than 0.5 µm or even 2.0 µm white Cu-Sn alloy. The corrosion rate is equal for 0.5 µm white Cu-Sn alloy and 20 µm nickel, both plated with chromium and showing a corrosion rate of 0.05 mm and 0.03 mm per year, respectively. The corrosion rate results showed that while increasing the thickness of the white Cu-Sn alloy improves corrosion resistance, additional plating with chromium does not make any difference in corrosion resistance, irrespective of the thickness of white Cu-Sn alloy plating. This set of linear polarisation results suggest that white CuSn alloy has certain potential to be more corrosion resistant than nickel if the deposit could be plated thicker. This is due to the fact that polarisation resistance increases with thickness of the white CuSn alloy.
Yellow Cu-Sn alloy was plated to a thickness of 4 µm, 12 µm and 24 µm and additionally with 0.5 µm of white Cu-Sn alloy plated on top of each variant. Compared with white Cu-Sn alloy deposits only (Table 1) , yellow Cu-Sn alloy deposits showed much higher corrosion rates of 0.91, 0.33, and 0.13 mm per year, respectively. However, the results showed that thicker was the deposit, its corrosion resistance would be better.
The polarisation resistance values for the yellow Cu-Sn alloy deposits are slightly higher than for those of nickel deposit, which shows that yellow Cu-Sn alloy deposits demonstrate improved corrosion resistance with increased deposit thickness. The yellow Cu-Sn alloy, plated at varying thicknesses with 0.5 µm white Cu-Sn alloy and a finish of chromium deposit, have higher corrosion resistance compared to the deposits without chromium deposit (Table 1 ). This suggests that the chromium topcoat provided additional corrosion protection, but corrosion rates are still much higher than those of nickel with chromium finish. Table 2 shows the electrochemical impedance spectroscopy data highlighting two constant phase elements (CPE1 and CPE2) values in Farad ( -1 s n ) for the electroplated deposits. Although CPE1 and CPE2 increased in values from the pre-deposit (without chromium) to post deposit (with chromium) for each panel of both nickel and white copper tin alloy, this pattern was not observed for yellow copper tin alloy at all deposit concentrations. The constant phase element (CPE1)
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represents the surface of the metallic deposit with polarisation resistance represented as R 2 , while the constant phase element (CPE2) represents the surface of the oxide layer with polarisation resistance R 3 . Here, the combined R 2 and R 3 would give the overall polarisation resistance (R p ). The corresponding two time constant-electrical equivalent circuit used for impedance data fitting is presented in Figure 6 .
Figure 6. Two time constant-electrical equivalent circuit used to fit the EIS data
While the oxide layer response appears in the high frequency area of impedance spectrum, the low frequency section shows the response of the metallic layer with the metal/solution interface at the bottom of the pores [18] . A study by Girault et al. [18] used this equivalent circuit for the interpretation of a passivated nickel deposit and although not directly related to this study, it does confirm that chromium oxidizes to give a protective chromium oxide layer. Application of electrical equivalent circuit from Figure 6 is also supported by the study of Arslan et al. [19] with an oxide layer on a titanium substrate.
In measured electrochemical impedance spectra, two-time constants can be clearly identified in the Nyquist and Bode plots presented in Figures 79. Figures 7a9a show Nyquist, while Figures 7b9b show Bode plots of the nickel with and without chromium, the white Cu-Sn alloy with and without chromium and the yellow Cu-Sn alloy with and without chromium deposits, respectively.
Electrical equivalent circuit shown in Figure 6 , however, did not always clearly fit high frequency data of impedance spectra, which could be due to a third-time constant that was not identified in this study. However, the two-time constant-electrical equivalent circuit was still the best for fitting the data collected. Here, CPE1 could be ascribed to the chromium and CPE2 to the nickel with a suspected oxide layer which was not identifiable from the data. The constant phase element CPE1 with a value of 1710 -5 F is achieved in this study with the exception of yellow Cu-Sn alloy deposit with CPE1 value of about 210 -4 F [20] . The topography of the yellow Cu-Sn alloys shows that the surface is rougher than the other deposits [1] . An increase in surface roughness is an indication that the overall surface area is larger than the nominated area of 1 cm 2 and as a consequence, the CPE value could be higher than expected. The CPE2 value is found to be about 110 -4 110 -3 F, thus indicating neither metallic corrosion, nor the presence of an oxide layer. 
Copper accelerated acetic acid salt spray (CASS) corrosion test results
CASS corrosion testing was carried out continuously over a period of 16 hours with corrosion rating taken every 8 hours since it is an aggressive test. The test was stopped after 16 hours due to the deterioration of the nickel deposit with no chromium as a top coat. Table 3 shows data for CASS testing of the various panels with and without chromium deposition, broken down into two chunks of 8 hours testing durations. Data is shown as X/Y (already described in the Experimental section) where X stands for protection rating (extent of corrosion undergone by the substrate) and Y stands for appearance rating of the plating. X or Y is a value on a scale of 1 to 10, where 10 is perfect (no corrosion). For instance 20 m nickel after 8 hours of CASS testing was 2/2, indicating high corrosion for both substrate and plating and this got worse after 16 hours deteriorating to 1/1. For 20 m nickel plus chromium plating, corrosion performance at after 8 hours of testing was excellent 10/10 without any evidence of corrosion on both substrate and plating. For yellow copper tin alloy plus 0.5 m white copper tin alloy, the corrosion performances were all better than for white copper tin alloy but identical when plated with chromium. Overall, corrosion performance for yellow copper tin alloy improved with coating thickness but unfortunately the surface finish deteriorated with coating thickness and therefore loss of lustre effect. All these results suggest that chromium plays a significant role in protecting the substrate regardless of the underlying deposits but could not match the corrosion resistance of the nickel with chromium top layer. Therefore, yellow copper tin alloy (plus white copper tin alloy) is not a suitable alternative to the current nickel/chromium plating.
Overall, the CASS results summarized in Table 3 showed that none of the alternative deposits with chromium top layer could be a potential replacement for the nickel/chromium deposit although the white and yellow Cu-Sn alloy deposits were promising to be more corrosion resistant than the nickel deposit. The results suggest that while chromium helps to provide corrosion protection, the underlying deposit has a larger influence on the corrosion protection of the substrate holistically.
The white and yellow Cu-Sn alloys provide corrosion properties that have an advantage over the nickel deposit, but when used in the process of plating chromium as a top coat the corrosion properties diminish. This leaves the standard nickel with chromium plating by far the best in terms of providing corrosion protection to the substrate. If corrosion protection was not the primary objective, then 0.5 µm white Cu-Sn alloy plated with chromium on top has the potential to replace nickel with chromium in terms of appearance but this would not satisfy the requirement, overall.
Atomic force microscopy (AFM) data
Atomic force microscope (AFM) was used to illustrate the surface topography of each electroplated deposit and to calculate the RMS (root mean square, average height deviations), Ra (average roughness) and R max (maximum roughness between the lowest and highest points). These roughness results are for all deposits collected in Table 4 . Figures 10a and 10b show AFM images for the nickel deposit with and without chromium, respectively [1] . The nickel deposit appears bright and reflective, showing a relatively smooth finish. The R max value of 18.6 nm supports this view with a small distance between the maximum and minimum points in the deposit. The RMS value of 3.08 nm also indicates little height deviation across the deposit. Chromium used as topcoat has the R max value of 36.6 nm with RMS value of 3.91 nm, the chromium is still a visually bright and reflective finish but with increased roughness in the topography in relation to the nickel deposit. Figures 11a and 11b show the AFM image of the yellow Cu-Sn alloy plated to a thickness of 4.0 µm. The deposit is dull and has increased roughness. The R max value is 276 nm and the RMS value is 41.2 nm, which is considerably rougher compared to the nickel deposit. The chromium as a topcoat reduces the roughness of the deposit giving R max value of 150 nm and RMS value of 22.9 nm, still rougher than the standard nickel and chromium deposit. a b 
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Conclusion
Corrosion testing for various plated copper tin alloys, with and without plated chromium, showed that resistance to corrosion was dependent on a combination of different factors, including the thickness of chromium plating, type of material, type of testing and duration of testing in a corrosion chamber. While linear polarisation experiment was useful to establish corrosion rate of sample, electrochemical impedance and accelerated destructive testing experiments assessed corrosion resistance of the materials.
The results showed that the standard nickel with chromium top coat deposit could be replaced by 0.5 μm white Cu-Sn alloy with chromium top coat deposit for applications where appearance is of primary importance and little corrosion protection is necessary. However, for applications that require corrosion protection, no suitable alternative was found to replace nickel with chromium deposit. Consequently, for majority of applications that currently use nickel with chromium deposit for corrosion protection, there is no suitable alternative evaluated in the course of this study.
